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ABSTRACT

&Zn~Sb3  was I-cccntly  iclcntiriccl  at tbc .lct J’mpu]sion  l.aboratm-y  as a ncw high pcrfomancc
p-type thctmoclcctric material with a maximum dimensionless Illcrmoclcctcic  iigurc of merit ZT
of 1.4 at a tcmpcraturc of 673K. A usual approach, used for many state-of-the-art tbcrmoclcctric
matc~ials, to fur-thc[ imptovc ZT values is to alloy &ZnqSbs  with isosttuctur-al compounds
bccausc  of the cxpcctcd  dccrcasc  in Iatticc tbcrmal conductivity. WC bavc growJI Zni.XCclxSb3
cr_ystals with 0.2<x<  1.2 and mcasutcd  thcit thcmal  conductivity from 10 to SOOK. The thermal
conductivity values of Znq.XCclXSb3  alloys arc significantly ]owcr than those mcasmcd  for (3-
7.n&b3 and arc compatablc  to its calculated minimum  thermal conductivity. A strong  atomic
clisodcr is bclicvccl  to bc primarily at the origin of tbc very low thcmal  conductivity of these
materials which arc also fairly good electrical conductor3  and arc thctcforc  cxccllcnt candidates f-or’
tbcrmloclcctr_ic  applications.

INTRODUCTION

As parf of a broad scarcb for new, mom cl’tiicictlt  thcr-moc]cctr-ic  matct-ials  concluctcci  at the .lct
Propulsion Laborator-y, ~-ZnJ3b3 was Icccntly  idcnti[icd  as a ncw high pctfomancc  p-type

mater-ial [1,2]. ~-Zn&b3 has intctcsting  thcmoclcctric  pmpcrlics in the 473-673K  tcmpcraturc
range and a maximwn  dimensionless thcrmoclccttic  Ii.garz 01’ merit 237 of 1.4 was obtainccl  at a
icmpcraturc o f  4 0 0 ° C .  Onc of tbc fcatmcs of (1-ZndSb3  is its twnackably  l o w  lhcnna]
conductivity with a room tcmpcratu~c  Iatticc thermal conductivity of 6.5 mW/cmK.  Formation of
solid solutions is a WCII knowm approach USCCI  for thcrmoclcctr-ic materials in particular 10 lower
the Iatticc  thermal conductivity and most state-of-tbc-ad tbcmoclcctric  materials arc, in fact,
solid solutions. The pcrfomancc  of a tbcmoclcctric  mater-ial can bc itnpmvcd  if thcmal
conductivity coLIld bc rcduccd  without a strmng  clcgraclation  in electrical properties. WC tbcccforc
staricd  to investigate the possibility of alloying ~-Zn1Sb3  with isostrwctaral compounds ard
explore the potential of tbcsc alloys for’ thcnuoclcctric  applications. C)nly onc compound which
forms a complctc  scr-ics of solid solution with fi-Zr~4Sb3 has been rwporlccl  ir~ the Iitccaturc:
CdqSb3 [3]. As a first step to assess the uscfulIIcss  of Zn4.XCctXSb3  solid solutions for
thcmoclcctric  applicatior~s, wc have grown crystals ancl mcaswcd their thermal conductivity
from 10 tO 500K .

EXI’IiRIMENT

Znl-XCclXSb3  cr-ystals with 0.2<x< 1.2 WCIC gIOWII  by the 13r-iclgman gtadicnt  frcczc tcchniquc.
Zinc (Zn) shots (99.9999% pu~c),  cadmium (Ccl) powdct shots (99.999% pure) arlcl antimony
(Sb) shots  (99 .999% pu~c) in stoichiolnctlic  ratio WCIC loaclcd  into carbon coatccl  quartz
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ampoulcs with pointed bottom. The ampoulcs  wxc subscqucnlly  cvacwatcd  and scaled (10-5
Torr). They WCIC then irltroclmd  in a vcrlical two-mnc  fumacc and rcmaimd stationary during
the growth. A gradicnl  of about 50K/cm and a growth rate of about 0.7 K/houl were used in the
cxpcrimcnts,  Dc(ails about  the gmwlh pmccss can bc food clscwhcrc  [4]. Crystals of about  6
mm in diameter and LIp to 2 cm long were obtainccl  by this tcchtliquc.  SOmc crystals were ground
for x-ray cliffrachmclry (XRD) analysis which shmvccl that the samp]cs were single phase with a
structure corrcspomling to ~-ZnqSb3.  Micmprobc analysis (M PA) also showccl  that the samples
were single phase and homo~cncous  in composition. Ilctails about  microstructure analysis
Icchniqucs  can bc found clscwhcrc [4]. Changes in the Zn to Cd ratio along the grown ingots,
inherent to the growth  process used, were found by M PA. Samples of[cn prcscntcd macro-
cracks duc the phase transformaticm from y-Zn~Sb3  to ~-Zn@b3 occuming  upon cooling around
765K. These two phases prcsamably have difrcrcnt  cocfficicnl  ofcxpansion,  resulting in stresses
during cooling and causing the cracks formation. I.argc grains, isolated from the ingots, were usccl
for thermal conductivity and electrical rcsistivity  mcasurcmcnts. The samples were analyzcci by
MPA prior to tbc mcasurcmcnls to clctcrminc their composition.

Bctwccn r o o m  tcmpcraturc and 500K,  the thermal conductivity of samples cut
pcrpcndiculady to the growth axis were measured by a [lash diffusivity  tcchniquc  which has been
dcscribccl clscwhcrc  [5]. The crtor in the mcasurcmcnts  was estimated at about 10%. From 10 to
300K, thermal conductivity mcasumncnts  was carriccl  out by the four-probe steady-slate
tcchniquc  which has been dcscribcd  in [6]. For these mcasurcmcnts,  samples of several mm long
were cut in the shape of parallclcpipcds  with a heat tlow along the longest axis. The error for
these mcasurcmcnts  was cstima(ccl at about 15“A, at room tcmpcratarc and dccrcascs at lower
tcmpcraturcs ad is about 5°A1 bclmv 200K bccausc  the radiation 10 SSCS, which is the main source
of error, bccomc  negligible at low tcmpcraturcs.  The electrical rcsistivity  was mcasurccl from 10
to 500K using the van clcr J’auw tcchniquc  as clcscribcd  before [6,7].

RliSUl,TS

The thcmal  conductivity of p-type Znd.XCklASb3  samples is shown in Fig. 1 and is comparccl
to (3-Zn1Sb3 and some state-of-the-art thcmoclcctric  materials. Ztll.XCclXSb3 alloys have the
lowest thermal conductivity of all the materials in the entire tcmpcraturc range, The substitution
of Ckl atoms for ~.rl significantly lower the thermal conductivity in the alloys. At room
tcmpcraturc the thermal conductivity of f3-Zn~Sb3  is 9 mW/CInK wllcwas tllc Values for
Zt~q.XGlXSb3  salnp]cs range from 5.5 to 7 mW/cmK depending on the value of x. Bctwccn  10 ad
300K,  the thcnnal  conductivity of the alloys is nearly tcmpcraturc ir~dcpcndcnt, a signatarc  of
strong phor~on scattering by Jmint  defects. The phase transformation occurring at 263 K [2] CIOCS
not appear to result in changes irl thcmal  conductivity values whereas it sccmccl  to alter the
electrical rcsistivity  values [9]. The low thermal conductivity values make these p-type materials
J]otcntia]ly  interesting for optimization of their thcrmoclcctric  properties at low tcmpcraturcso

The cf~cct  of alloy scattering on the Iatlicc thermal conductivity of ~-Zn~Sb3 can bc cvaluatcci
using the moclcl  proposccl  by Callaway ad von Bacycr [ 10]. IJctails of the calculatiotl  can bc
fuund in [11]. Iixpcrimcnta]  data for ZtlqSb3 nccclccl  for the calculations such as the Dcbyc
tcmpcraturc,  sound velocity and average volume pcr atom itl the crystal can bc found irl [2]. The
mode] also requires to clctcrminc a strain parameter for tbc substituted sites which was adjusted
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FIG. 1. Thermal comluclivity  vs. tcmpcratutc for p-type fi-Zn~Sb3 and p-type Znq.XCklXSb3
alloys. The lhcmal  conductivity for some state-of-the-art thcmmclcctric  materials is also shown
for comparison,

by considering the cxpcrimcntal Iatticc lhcrmal conductivity of the alloys. They were calculated
using the Wric(lclllafltl-f:ratlz  law atd the mcasared electrical rcsistivity (in the orclcr of 2 to 3.5
Inflcm for all samples). A l,orcnz number of 2.2 x 10-s Vz/dcgz  was assmncd  for all samples and
was chosen according to the doping level of lhc samples. The strain paramcicr (El,,, ) value was
calculated for the h site by considering the Iatticc thermal conductivity of tllc Znz MC~dl  .l~Sbs
sanlplc  at 300K. T h e  b e s t  Inatch  w a s  ach Icvcd for a value of C,, ),= 43.  ‘rhC  ICSLl]tS O f  k

calculations arc shown in Fig. 2 and compared to several cxpwimcntal  values. A maximum
clccrcasc of about 30’% it] lattice thctmal conductivity is prcclictcd for a Zn&clzSb3 composition
comparccl to ~-Zn&b3.  For x=0.5, a 25°AJ dccrcasc  is already obtained. in the light  of these
results, it seems that cfforls should  primarily focus on the optimization of the electrical
ptopcrtics  of Zn4.XCklxSbs  solid solutions with 0.5sxs I to assess if any improvement in the
thcrmoclcctric  pcrlbrmancc can bc obtained for the alloys.

Using the same formalism, wc have also calculated the impact of substituting  As for Sb in
hypothetical ZndSb3-XAsY solicl solutions. WC have assumccl the same strain parameter of &,F-43
for the calculations, The ICSllltS, ShOWIl in Fig 2,, itdicatc that the reduction itl lattice thcmal
conductivity is smaller than for Zn~..CMXSbl alloys, essentially bccausc of the smaller numbct’ of
sites substituted comidcring  that mass and volume ilucluatims  arc basically the same bctwccn
Zn and Cd, and Sb and As. Fig 2. also shows the calcalatcd  lattice thermal conductivity when
substitution occurs on both sites. The 10WCS1 calculated Iatticc thctmal conductivity is nearly 4
mW/cmK for 50°AJ of Ccl and As SllbStitLl(C({ for Y,n and Sb, rcspcctivcly.

WC have calculated the lattice thctmal  conductivity as a function of the tcmpcratarc using the
\$~iccicl~~allt~-Fral~z  law using agai[l a I.orcm number of 2.2 x 10-h Vz/clcgz.  The rcsu]ts arc shown
in Fig 3. The lattice thermal conductivity arc low ancl approaches glass-like thermal properties. 1 t
was interesting to compare lhc cxpcrimcnlal  values to the calculated minimum thcmal
concluctivity,  a concept first proposccl by Slack [12] ancl Iatcr clcvclopcd by (;ahill  ct al. based on
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FIG, 2. Ei’feel of alloy scattcritlg  on tbc mom tcmpcraturc  lattice thermal conductivity of ~-
Zn1Sb3. Ihc values were calculated as a fmlctim of lIIc fracti~ll  x f~~ Zm.@Sbs  alloys  (x,,,,,.
= 2) and y in Zn1Sb3_YAsY  alloys (y,,,,,x = 1.5). For Znq.XGlXSb3.YAsY alloys, the calculated values
reflect a scallng  of yl,,t,~ to a value of 2. The symbol denotes cxpcrimcntal  data for Zn~-X(dXSbS

alloys.

a moclcl  dLIC to Einstein [1 3].The mitlimLm~ thermal conductivity is cxprcssccl as a sLlm
of three Dcbyc integrals by [1 3]:

(1)

The sum is taken over the three sound moclcs (two ttansvctsal  and cmc longitudinal) with
speeds of souncl vi. kll is tbc Boltz,mann’s  constanl,  N the atomic dcmity, T the tcmpcraturc in K
atd 0, = vi (h/2nk}l)  (6x?1) 1’3. WIC calculated the mirlirnm  (Ilcrlllal Colldllctivity  for &Z~l~Sb~
using tbc speed of soutd  and atomic dcnsily  values in [2], The results arc shown in Fig. 3. The
minimum lattice thermal conductivity for (3-7h~Sb3  at room tcmpcraturc  is 4.2 mW/cmK which is
only slightly lowct than tbc cxpcrimcntal  value of 6.5 mW/cmK. FCM the Zt~z &dl.lCSbs  alloy,
the cxpcrimcnlal  value is close to the calculated mitlimLlm  value at mom tcmpcraturc and is lower
for higher tcmpcraturcs reaching a minimum of 2.5 mW/cmK at 500K. At 10OK, the lattice
thctmal  conductivity of the alloy is aboLlt thtcc  times larger than the calculated minimum. Glass-
likc tbcrmal conclLlctivity  have been obscrvccl  in highly disorclcrcd materials and crystals
containing loosely bonclcd  atoms such as f~llcci  skuttcruditc  matcriak [14-1 7]. ltl contrast, simplc
monoatomic  substitution cannot lead h glass-like thermal conductivity. Thcrcforc,  it is
rcmarkab]c  that Znd.X(clXSb3  materials possess thermal condLlctivity  similar to glass-like materials
WhiCb wc bclicvc  iS dllc to a highly  diSOIdCICd  Struc(ufc. lnctcccl,  the crystal stwcturc  of these
materials rcqLlircs  disorder on onc of the Sb sites for tbc stoichiomctry  [1 8]. in addition} ALIgcr
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solicl line is tbc calculated lattice thctmal condLlctivity for &ZndSb3

electron spectroscopy pcr(ormccl  on [\-ZnqSb3 crystals rcvcalcd Iocalizccl deviations from the
exact stoichiomctry [19] which suggests tbc prcscncc  of structural defects such as vacancies
which can prodLlcc strong phonon  scattering as it has been observed, for cxmplc,  in ltllTc3, [20].
Further cvidcncc  of the atomic clisorclcr  for Zul.x01XSb3 materials was given by optical
absoq>tion awl reflection mcasurcmcnls  pcrl’ormccl on ~-Zn~Sb.3  materials crystals [19].

C’ONC:I/USIONS

WC have mcasutcd  the thcmal  conductivity of Znq.xCkixSb3  materials with 0.2xs  1.2 bctwccn
10 and 500K. The results show that these materials exhibit very low thermal conductivity
comparable to tbc calculated minimum thermal  c o n d u c t i v i t y  or ~-ZnqSb3  aroLlnd  IOOIN

tcmpcraturc. 1( is bclicvccl that a big}]  atomic structural clisotdcr is essentially rcsponsib]c  for
these low values. Most of tbc materials having glass-like thermal conductivity arc poor electrical
conductors  ad thcrcforc  arc of little intctcst for thcmoclcctric  apJ}licalions.  in contrast,
7,n~.X{~dxSb3  matcria]s arc fairly gooci  electrical conductors with electrical rcsistivity in the 2 10
3.5 mQcm rat~gc  anti appear to bc cxccllcnt candidates for thcrmoclcctric  applications. Future

cffmts will focus on tbc itlvcsligations  and optimization of tbcir clccttical  propcrlics.
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